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FLOW AT AN ANGLE TO THE AXIS OF 

A WELL BOREHOLE 

(71) We, TEXACO DEVELOPMENT CORPORATION, a corporation organised 
and existing under the laws of the state of Delaware, United States of America, of 135 East 
42nd Street, New York, New York 10017, United States of America, do hereby declare the 
invention, for which we pray that a patent may be granted to us, and the method by which it 

5 is to be performed, to be particularly described in and by the following statement:- 5 
This invention relates to well logging methods and apparatus and more particularly to 

nuclear well logging techniques to determine the presence of undesired water flow in 
cement voids or channels behind steel well casing in a cased well borehole. 

Undesired fluid communication along the cased-in portion of a well between producing 
10 zones has long been a problem in the petroleum industry. The communication of fresh or 10 

salt water from a nearby water sand into a petroleum production sand can contaminate the 
petroleum being produced by the well to an extent that production of petroleum from the 
well can become commercially unfeasible due to the "water cut". Similarly, in near surface 
water wells used for production of fresh water for citv or town drinking supply, the 

15 migration of salt water from nearby sands can also contaminate the drinking water supply to 15 
the extent where it is unfit for human consumption without elaborate contaminant removal 
processing. 

In both of these instances, it has been found through experience over the course of years 
that the contamination of fresh water drinking supplies or producing petroleum sands can 

20 occur many times due to the undesired communication of water from nearby sands down 20 
the annulus between the steel casing used to support the walls of the borehole and the 
borehole wall itself. Usually steel casing which is used for this purpose is cemented in place. 
If a good primary cement job is obtained on well completion there it no problem with fluid 
communication between producing zones. However, in some areas of the world where very 

25 loosely consolidated, highly permeable sands are typical in production of petroleum, the 25 
sands may later collapse in the vicinity of the borehole even if a good primary cement job is 
obtained. This can allow the migration of water along the outside of the cement sheath from 
a nearby water sand into the producing zone. Also, the problem of undesired fluid 
communication occurs when the primary cement job itself deteriorates due to the flow of 

30 fluids in its vicinity. Similarly, an otherwise good primary cement job may contain 30 
longitudinal channels or void spaces along its length which permit undesired fluid 
communication between nearby water sands and the producing zone. 

Another problem which can lead to undesired fluid communication along the borehole 
between producing oil zones and nearly water sands is that of the so called "microannulus" 

35 between the casing and the cement. This phenomenon occurs because when the cement is 35 
being forced from the bottom of the casing string up into the annulus between the casing 
and the formations, (or through casing perforations), the casing is usually submitted to a 
high hydrostatic pressure differential in order to force the cement into the annulus. The 
high pressure differential can cause casing expansion. When this pressure is subsequently 

40 relieved for producing from the well, the"previously expanded casing may contract away 40 
from the cement sheath formed about it in the annulus between the casing and the 
formations. This contraction can leave a void space between the casing and the cement 
sheath which is sometimes referred to as a microannulus. In some instances, if enough 
casing expansion has taken place during the process of primary cementing (such as in a deep 

45 well where a high hydrostatic pressure is required) the casing may contract away from the 45 
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cement sheath leaving a microannulus sufficiently wide for fluid to communicate from 
nearby water sands along the microannulus into the producing perforations and thereby 
produce an undesirable water cut. 

There have been many attempts in the prior art to evaluate and locate the existance of 
5 cement channels. There have also been many attempts in the prior art to locate and confirm 5 

the existance of so called microannulus fluid communication problems. Perhaps primary 
among these attempts in the prior art has been that of the use of the acoustic cement bond 
long. In this type of logging operation, the amplitude of acoustic wave energy which is 
propagated along the casing from an acoustic transmitter to one or more acoustic receivers 

10 is examined. In principle, if the casing is firmly bonded to the cement and to the formations, 
the acoustic energy propagated along the casing should radiate outwardly from the casing 
into the cement and surrounding formations, thereby reducing the amplitude of the casing 
signal. However, if the casing is poorly bonded to the cement, or if the cement is poorly 
bonded to the formations, a void space exists and the acoustic energy should remain in the 

15 casing and arrive at the acoustic energy receivers at a much higher amplitude than if a good 
cement bond existed between the casing, the cement and the formations. 

Acoustic cement bond logging, however, cannot always reliably detect the existance of a 
microannulus which can in some instances permit undesirable fluid communication between 
water sands and nearby producing zones. If the microannulus is sufficiently small and fluid • 

20 filled, the acoustic energy propagated along the casing may be coupled across it. Yet it has 20 
been found that even such a small microannulus can permit undesirable fluid communica-
ton between producing zones. Similarly, a poor quality cement job may go undetected by 
the use of the acoustic cement bond log if the cement sheath is permeated by a variety of 
channels or void spaces which are located unsymmetrically about its circumference. Such 

25 channels or void spaces can permit undesirable fluid flow while the main body of cement is 25 
bonded well to the casing and the formations thus propagating the acoustic energy 
satisfactorily from the casing outwardly through the cement and into the formations. 
Therefore, such means as acoustic cement bond well logging have been proven to be not 
entirely reliable for the detection of potential undesired fluid communication paths in a 

30 completed well. 30 
Another approach to locating well spaces or channels in the cement sheath in the prior art 

has been to inject radioactive tracer substances such as Iodine 131 or the like through 
producing perforations into the producing formations and into any void spaces in the 
annulus surrounding the well casing. The theory in this type of operation is that if the tracer 

35 material can be forced backward along the flow path of the undesired fluid its radioactive 35 
properties may then be subsequently detected behind the casing by radiation detectors. 
This type of well logging operation has usually proven to be unsatisfactory however, 
particularly in loosely consolidated sand formations which is precisely where undesired fluid 
communication is most typically encountered. 

40 In particularly permeable formations such as loosely consolidated sands, the producing 
formation itself can absorb most of the radioactive tracer material which is forced through 
the perforations. Very little, if any, of the tracer material can be forced back along the path 
of undesired fluid flow, particularly, if this involves forcing the flow of tracer against either 
formations fluid pressure or upward against the force of gravity. Therefore, such tracer 

45 logging techniques for detecting cement channels or voids behind the casing have usually 45 
proven ineffective in the prior art. 

The prior art attempts may thus be characterized generally as attempts to evaluate the 
cement sheath. The present invention relates to methods and apparatus for detecting the 
undesired flow of water itself in cement channels or voids behind the casing in a producing 

50 well. The nuclear well logging techniques used in the present invention involve the 50 
activation by high energy neutrons of elemental oxygen nuclei comprising a portion of the 
undesirable water flow itself. A source of high energy neutrons is placed inside the well 
borehole opposite the area to be investigated for cement channeling or undesired fluid 
communication along the sheath. A source of approximately 14 MEV monoenergetic 

55 neutrons is used to irradiate the area with such neutrons. An oxygen 16 nucleus upon the 55 
capture of an approximately 10 MEV neutron is transmuted to radioactive nitrogen 16. The 
radioactive nitrogen 16 decays with a half life of about 7.1 seconds by the emission of a beta 
particle and high energy gamma rays having energies of approximately 6 MEV or more. 
With a sufficiently high flux of 10 MEV neutrons irradiating the undesired water flowing in 

60 a cement void, or microannulus channel, enough radioactive nitrogen 16 is created in the "0 
undesired water flow itself to be detectable at a pair of longitudinally spaced detectors. This 
measurement can be used directly to indicate the speed of flow of the water in the cement 
channels. Moreover, novel techniques are developed in the invention for determining the 
volume flow rate of water in such cement channels, microannulus or void spaces from the 

65 degradation of the high energy gamma ray spectrum by Compton scattering of gamma rays 65 
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produced by the decay of the radioactive nitrogen 16. The approximate distance from a 
single gamma ray detector to the mean center of the water flow path may be thus 
determined. Yet, another feature of the invention is that by the use of a pulsed, rather than 
continuous, neutron source for the measurements described, a more accurate flow 

5 detection is provided by reducing the background gamma radiation caused by relatively 5 
prompt thermal or epithermal neutron interactons in the vicinity of the borehole. 

Moreover, by first placing a longitudinally spaced high energy gamma ray detector pair 
above and then by placing the detector pair below the neutron source, fluid flow occurring 
within and without the casing may be distinguished with the use of only relatively valid 

10 assumptions. In another feature of the present invention the detection of water flow in a 10 
direction non-parallel to the borehole axis is provided. The invention may best be 
understood by reference to the following detailed description thereof when taken in 
conjunction with the accompanying drawings. 

Figure 1 illustrates schematically the geometry of a single detector water flow sonde for 
15 water flow non-parallel to the borehole axis. 15 

Figure 2 is a graphical representation of the response of a continuous neutron source 
water flow detection system under flow and no flow conditions. 

Figure 3 is a graphical representation of the response of a pulsed neutron source water 
flow detection system under flow and no flow conditions. 

20 Figure 4 is a graphical representation showing gamma ray spectral degradation as the 20 
source of gamma rays is moved to a different distance from a detector. 

Figure 5 is a graphical representation showing the count rate ratio of two energy windows 
of a detector as a function of distance. 

Figure 6 is a schematic representation of the downhole portion of a modular water flow 
25 detection sonde according to the invention. 25 

Figure 7 is a schematic representation of a water flow detection system in a cased well 
bore according to the invention. 

Figure 8 is a schematic diagram illustrating the timing and data transmission format of the 
water flow detection system of the invention. 

30 Before considering a detailed description of hardware systems employed to measure the 30 
flow rate of water behind the casing according to the concepts of the present invention, it 
will be helpful to consider the theoretical basis for the measurement according to the 
principles of the invention. 

The techniques of the present invention are predicated upon the creation of the unstable 
35 radioactive isotope nitrogen 16 in the stream of water flowing behind the casing which is to 35 

be detected. This is accomplished by bombarding the flowing water with high energy 
neutrons having an energy in excess of approximately 10 MEV. This bombardment can 
cause the creation through nuclear interaction of the unstable nitrogen isotope 16 from the 
oxygen nuclei comprising the water molecules in the flow stream, the nuclear reaction being 

40 O16 (n.p)N16. 40 
Referring intially to Figure 1, consider a hypothetical downhole fluid tight sonde having a 

source detector axis as shown and housing a 14 MEV neutron generator 11 and a gamma 
ray detector 12. The center of the gamma ray detector 12 is spaced S inches from the center 
of the neutron source 11. Also, consider a channel of water 13 which flows in a direction 0 

45 with respect to the source-detector axis of the sonde and whose center passes over the 45 
neutron source 11. The linear flow velocity of the water channel is v. It is assumed that as 
the flow of water approaches the source, an effective volume element of length a and 
cross-sectional area F is irradiated by neutrons producing N1" by the reaction O1'1 (n,p)N16. 
An activity n \ of N16 is thus induced within an incremental volume element as it flows past 

50 the source where: 50 

n = p o ^ K s ( R s ) / V ' - 1 

55 N x-r 55 
= - j j pocf>nKs(Rs) (1-e ) (1) 

where: n = the number of radioactive N1" nuclei produced uy the O16 (n.p)WI6 
reaction 

60 60 
X = the decay constant of N in sec 

n = the source neutron output in neutrons /cnr/sec 

65 N, = Avogadro's number 65 
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p = the density of water in gm/cm 

M = the molecular weight of water 

5 KS(RS) = a function dependent upon the distance R s which is measured from the 5 
center of the source of the center of the incremental volume element 

4>n = the neutron flux 

10 T = a/v = the time in seconds required for the volume element to move a 10 
distance a. 

v = the linear flow velocity in inches/second. 

15 a = the microscopic capture cross-section for thermal neutrons 15 

Now assume that the activated volume element approaches the detector which is S inches 
from the source. Also assume that the average detector length is b inches. The number of 
counts recorded by the detector as incremental volume element flows past is given by 

20 equation 2 as 20 

/2nXdt = G ^ pacpnKs(Rs)KD(Rn) [ 1 - e ' ^ ] 

25 ti . / V X l d t 2 5 
ti 

= gJJ' p«pnK s(R s)Kn(Rn)|I-e-'-M 

PI 
30 ' 30 

. [e-Ktl-e~'a2] 

where KD (Rn) is a function dependent upon the distance R n measured from the center of 
the detector to the center of the water volume increment and G is a geometric and 

35 efficiency constant of the detector. The terms t, and t2 are times required for the 
incremental volume element to traverse the distances s and s+u, respectively (see Figure 
1). 

Referring to Figure 1. it can be seen that s which is measured from the point at which the 
incremental volume element leaves the effective limit of the neutron source to the point at „ 

40 which it enters the effective detection limit of the detector (point E) is 40 

s = p+q (3) But 

q = [ S - ^ ] / c o s 6 (4) and 
45 2 ^ 

p = r-(a/2) = [(a/2)/cosH]-(a/2) (5) 

Substituting equations (4) and (5) into (3) yields 
5 0 re (a cos 8+b), . n , , , 5 0 

s = [S - 1 ^ j / cos 9 (6) 

The time required for the volume element to move the distance s is therefore 
55 * , , c a c o s ( l +b), , „ 55 t! = s/v = [S ^ ) / v cosB (7) 

Likewise 

An . s + u rc (a c o s 0 , a /in fin 60 t2 = — — = [ S - — 5 | / v cosO (8) o0 

Substituting equations (7) and (8) into equation (2) yields 
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J ^ N X D T = K S ( R S ) K D ( R d ) ^ p a c p n [ l - e - — J (9) 

^ g—X(2S — a cos8)/(2v eos;6)|gXb/2v cosfcl >,b/2v cosBj ^ 

The number of counts per second, C, recorded by the detector can written as 

10 faMt (10) , 0 
c - - f a " - ' 

But 
15 15 

t2_ t, = u/v = b/v cosH = bF/V cos0 (11) 
where V is the volume flow rate in in."' /sec. Substituting equations (9) and (11) into 
equation (10) yields 

20 C = 5 > n G K S ( R s ) K D ( R D ) V cos0 e ^ s , v cos9 (12) 20 

|gXa2v _ g—Xa/2vj cos® _Q—M>/2v cos8j 

where 
25 25 

_ N0poa 
MXb 2n 

OQ It is assumed that the neutron flux, cj)n, that irradiates a give incremental volume of water ™ 
decreases in intensity as a function of 1/Rg as the volume increment is moved a distance R s 
from the source. Similarly, it is assumed that the radiation detected by the detector 
decreases as a function of l/Rg as the distance R D increases from the detector. 

Making the above two assumptions, then the term KS(RS)KD(RD) can be expressed as: 

3 5 K S ( R S ) K N ( R D ) = P R S - 2 R D ~ 2 (13) 3 5 

where P is a calibration constant. Substituting equation (13) into equation (12) yields 

4Q C = 2a<pNGPRS ~2R.d ~2V cos6 e~KS/v c o s e[eX a / 2 v- e-X a / 2 v] 40 

|e;.h2\ cosH _e-tlb.2\ aisHj 

If a second detector spaced a distance S from the source is introduced, the response of 
45 both detectors takes the form of equation (14). The ratio of the response of detector 1 (the 

near detector) to the response of detector 2 (the far detector) is then 

Q _ R ^ ex(s2-s,)/v cose (25) 

50 Q R l 50 
where S2 S, are the distances from the center of the source to the centers of detectors 2 and 
1, respectively, and R2 and R, are the radial distances from the center of the water flow to 
the centers of detectors 2 and 1. respectively. Solving equation (15) for v yields 

5 5 V = 5 5 

(16) 

60 But 0 can be expressed as 60 

6 = tan -'[R2-Ri )/S2-S[ )J (17) 

Therefore, since Sj and S2 are known parameters of the logging sonde, C| and C2 are 
65 measured quantities, and R, and R2 can be measured using techniques to be described in 55 
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more detail subsequently, equations (16) and (17) can be used to determine 
1. v, the linear flow velocity 
2. 0, the angle at which the water flow intersects the axis of the logging sonde (therefore 

the axis of the borehole). 
5 If the water flow is due to general fluid movement within a formation whose lane 5 

intersects the axis of the borehole at an angle 0, it may be assumed that 

Rs = R-bh (18) 

10 where R B H is the radius of the borehole and is generally known from caliper logs. If 10 
equation (18) is valid, all of the terms in equation (14) for either detector 1 or 2 are either 
known (2, a, b, XS), are determined when the sonde is calibrated (Ifn, G, P), are computed 
(v, 0, R d ) , or the measured (C) with the exception of V. Equation (14) can, therefore, be 
solved for V, the volume flow rate of water which is moving past the borehole at an angle 0. 

15 V is, of course, the primary parameter of interest in water flow detection. 
The foregoing discussion has illustrated that by using a well logging sonde containing a 14 

MEV neutron source and two gamma ray detectors that the linear flow velocity v, the angle 
of the flow 0 and the volume flow rate V can be obtained if the distance from the center of 
each of a pair of spaced detector to the center of the water flow can be measured with 

20 acceptable accuracy. 20 
In considering the applications and limits of water flow detection behind casing, it is 

necessary to examine the accuracy to which v can be measured. It will be recalled that 
equation 16 is used to compute v and that equation 16 contains C{/C2 which is the ratio of 
counts recorded in the near and far detectors of a water flow detection system. It should be 

25 noted that the Q/Ci has associated with it an inherent statistical error since the nuclear 25 
decay process of the nitrogen 16 isotope is statistical in nature. This statistical error in Ci/C2 
is an inverse function of the magnitude of C, and C2. The error in the ratio C,/C2 is 
therefore affected by any parameter which affects the magnitude of C| and C2. Parameters 
such as the source to detector spacing St and S2. the distance RD from the center of a 

30 detector to the center of the flow, the cross sectional area F of the flow, the efficiencies of ™ 
the gamma ray detectors G, the counting interval T, the neutron flux output <|)n and the 
background gamma ray counts recorded under no flow conditions all can effect the 
measurement. It should be noted that although most of these parameters do not appear 
directly in equation 16 and therefore do not effect the magnitude of v, they do affect the 

35 accuracy and precision to which v can be measured. 35 

Pulsed vs continuous neutron source operation 
Referring now to Figure 2, a typical set of gamma ray energy spectra recorded under 

water flow and no water flow conditions is illustrated. The intensity of detected gamma rays 
40 at a single spaced detector is plotted as a function of energy in Figure 2. The 7.12 and 6.13 40 

MEV gamma ray photopeaks chacteristic of N'" decay and their corresponding pair 
production escape peaks are well defined under flow conditions. Some peak structure is 
also visible, it will be noted, even when there is not flow. This results from the activation of 
oxygen 16 in the formation and the borehole in the vicinity of the source and is recorded by 

45 the detector even at a spacing of 34 inches as used for the data in Figures 2 and 3. This 45 
background spectrum also contains radiation from thermal neutron capture gamma rays 
from the formation, casing, and sonde. It will be seen that this source of background 
radiation can be eliminated by pulsing the neutron source in the manner to be subsequently 
described. 

50 Most prompt neutron caused gamma radiation will occur within one millisecond after the 50 
cessation of a pulse of neutrons. If, for example, the neutron source is turned on for one 
millisecond and gamma ray detection is delayed for 3 milliseconds subsequent to the 
cessation of neutron burst before the detectors are activated, then the prompt neutron 
caused gamma radiation will decay to a negligible level. By then counting the oxygen 

55 activation induced gamma radiation which remains for approximately 6 milliseconds, the 55 
relatively high level background radiation as illustrated in Figure 3 may be significantly 
reduced. This entire pulse-delay-count cycle is then repeated approximately 100 times per 
second. Of course, it may be desired for other reasons to operate the neutron source in a 
continuous mode and this is possible as illustrated by Figure 2, but is subject to higher 

60 background counting rate. 
Although the duty cycle of the neutron source under pulse mode operation conditions is 

only 10 percent in this mode of operation, the neutron output while the source is on its 
approximately a factor 10 times greater than the continuous neutron output if the source is 
operated continously. Thus, the integrated neutron output is approximately the same in 

"5 pulsed and continuous modes of operation. Under pulsed conditions the duty cycle of the 65 
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detectors is approximately 60 percent (i.e. 6 of 10 milliseconds). It the count acceptance 
energy window illustrated in Figure 2 (approximately 4.45 MEV to approximately 7.20 
MEV) used for the continuous mode operation were used for the pulsed mode operation, 
the net counting rate from the decay of the unstable isotope N would be reduced to 

5 approximately 60 percent of that for the continuous mode. However, under pulsed 5 
conditions, essentially none of the prompt neutron gamma radiation is recorded. Since 
there is no major component of element activation radiation other than that from the 
unstable N16 isotope above 2.0 MEV. it is possible to widen the count acceptance energy 
window when using the pulsed mode from approximately 2.0 to approximately 7.20 MEV. 

10 This change of range of the counting energy window will thus include additional counts 10 
from Compton scattered, energy degraded. 6.13 and 7,21 MEV gamma radiation due to the 
oxygen activation and will thereby increase the count rate to offset the losses due to the 
approximately 60 percent duty cycle of the detectors in this pulsed mode of operation. 
Figure 3 illustrates dramatically the reduced background effect bv using the pulsed mode of 

15 operation. In the illustration of Figure 3 the same source detector spacing (34 inches) is 15 
utilized as in Figure 2 and the broadened counting energy window at the detector as 
previously mention is utilized. 

To summarize, by operating the neutron generator in a pulsed mode of operation the 
magnitude of the signal from the oxygen activation reaction remains approximately the 

20 same while the background radiation is reduced substantially by eliminating the recording 20 
of prompt N-radiation. This increase in the signal to noise ratio of the desired counting 
signal reduces the statistical error of the quantity C,/C2. 

Technique for determining R 
25 Recalling equations 16 and 17. it will be observed that it is possible to measure the linear 25 

flow velocity v and the angle of flow 0 of the water behind the casing provided a technique 
for determing Rt and R ; the radial distance from the center of the water flow to the center 
of the near and far detectors, respectively, can be measured. It is possible to measure R by 
using a technique which will now be described in more detail, 

30 The second technique (concentrix axis) not discussed for determining R may be 30 
considered a gamma ray spectral degradation technique. Referring now to Figure 4. two 
gamma ray spectra resulting from the decay of radioactive nitrogen 16 produced by oxygen 
activation with a water flow meter sonde of the type contemplated for use in the present 
invention is illustrated schematically. The spectra of Figure 4 are taken at the same 

35 dectector in the flow meter sonde and illustrate the counting rate taken at the same detector 35 
in the flow meter sonde and illustrate the counting rate at the detector resulting from a 
water flow whose center is R[ and R ; inches from the center of the detector. The broke 
curve in Figure 4 illustrates a gamma ray spectrum resulting from the decay of radioactive 
nitrogen 16 in a water flow whose center is at a distance R| equal approximately 2.96 inches 

40 from the center of the water flow sonde detector. The slid curve in Figure 4 illustrates a 40 
gamma ray spectrum resulting from the decay of radioactive nitrogen 16 in a water flow 
whose center is at a distance R2 equals approximately 6.96 inches from the center of the 
detector. In the illustration of Figure 4. thus R2 is greater than R,. Also illustrated by the 
double ended arrows in Figure 4 are two energy range counting windows A and B. Window 

45 A includes the 7.12 and 6.13 MEV photo and escape peaks from the radioactive nitrogen 16 45 
which are primary radiation which reach the detector without Compton scattering 
collosions primarily. Window B is a radiation energy window for detecting primary gamma 
radiation which has been degraded in energy through collosions (Compton scattering). 

If CA(R) is defined as the count rate recorded in window A for arbitrary R and CB(R) is 
50 the count rate recorded in Window B for arbitrary R, it can be seen that: 50 

CA(R2)/Cn(R2)<CA(R,)/CB(R1) 

For R-,<R| (19) 
55 " 55 

The ratio inequalities CA/CB in equation 19 which result in this manner are due to the fact 
that a larger fraction of the primary 6.13 and 7.12 MEV gamma radiation is degraded by 
collosions with the intervening material as the distance R between the activated water flow 
and the detector is increased. Thus by calibrating a system for water flow detection in terms 

60 of the spectral degradation as a function of the radial distance R. a tool is provided for 60 
determining the unknown radial distance R to the center of flow. The distance R may then 
in turn be used in connection with equations 14, 16 and 17 for quantitatively determining 
the volume water flow V, the linear velocity v. and the angle^. 

Referring now to Figure 5, the results of an experimental calibration of the ratio of 
65 counting rates CA/DB which were measured in known test flow conditions as a function of R 65 
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are plotted with the standard deviation error bars associated therewith. Also plotted in 
Figure 5 are the results of a monte carlo computer calculation for a 6.13 MEV point gamma 
ray source at various distances R from a gamma ray detector. The monte carlo calculations 
are based on probability theory and are used to predict the uncollided or undegraded 

5 gamma ray flux as a function of the radial distance of the source of the detector using the 5 
known laws of physics concerning the Compton scattering phenomena. It will be noted that 
there is excellent agreement between the experimental curve and the monte carlo 
calculations as the data points of Figure 5 indicate. 

In the two detector water flow sonde to be subsequently described in more detail, the 
10 ratio of the counting rates at the two selected energy windows CA and CB from the each 10 

detector can be measured. 
The radial distance R) from the center of the water flow to the center of the near detector 

may then be determined by comparing the ratio of background corrected counting rates 
CA/CB recorded by detector 1 with the relationship illustrated in Figure 5. Likewise the 

15 radial distance R2 from the center of the water flow to the center of the far detector may be 15 
determined by comparing the ratio of background corrected counting rates CA/CB recorded 
by detector 2 with the relationship illustrated in Figure 5. The resulting valves of R, and R2 
along with the previously defined counting rates C| and C2 can be used to compute v, the 
linear flow velocity, and 0 the flow angle using the relationship of equations 16 and 17. The 

20 relationship of equation 14 can be used to infer V, the volume flow rate, once R and v are 20 
determined in this manner. 

Description of the equipment 
The equipment to make the water flow measurements previously discussed relies on the 

25 activation of the oxygen 16 nuclei by the capture of neutrons with energy equal to or greater 25 
than 10 MEV. This necessitates the use of a neutron generator which can generate a 
sufficient intensity of neutrons having an energy of 10 MEV or greater to perform the 
measurement. The most commonly available such neutron generators are those relying on 
the deuteriumtritium reaction to generate this flux of high energy neutrons at a sufficient 

30 intensity to perform measurements of this type. The deuterium-tritium reaction neutron 30 
generators are generally referred to as accelerator type neutron sources. 

Accelerator type neutron sources generally comprise an evacuated envelope having a 
target material at one end thereof which is impregnated with a high percentage of tritium. 
This target is kept at a high negative potential (approximately 125 KV) with respect to the 

35 source of deuterium nuclei which are to be accelerated onto it. At the opposite end of the 35 
evacuated container is an ion source and a source of deuterium nuclei usually termed 
replenisher. In operation, such accelerator sources generate a concentration of deuterium 
ions from the ion source which are focused by electrostatic lenses into a beam and 
accelerated by the high negative potential onto the target material which is impregnated 

40 with the tritium nuclei. Due to the high acceleration voltage, the electrostatic Coulomb 40 
repulsion between the deuterium nuclei and the tritium nuclei is overcome and the 
thermo-nuclear fusion reaction takes place generating a relatively high intensity of neutrons 
having an energy of approximately 14 MEV. 

In constructing the equipment to perform the water flow measurements previously 
45 discussed, since it is necessary to use an accelerator type neutron source, a problem arises in 45 

the physical construction of the downhole portion of the system. This problem is caused by 
the fact that a high voltage power supply is necessary to generate the approximately 125 KV 
potential required by the neutron source for the acceleration of the deuterium ions. Perhaps 
the most efficient such high voltage power supply is a multiple stage Cockroft-Walton 

50 Voltage Multiplier Circuit. A circuit arrangement for generating a high voltage such as that 50 
required by the accelerator tube when placed in a well logging instrument requires 
considerable longitudinal extent in order to stack the voltage multiplying stages 
longitudinally along the length of the well logging instrument while providing sufficient 
insulation about these voltage multiplying stages to prevent voltage break-down of the 

55 insulators. 55 
Referring now to Figures 6A, 6B, and 6C. the downhole sonde for the water flow 

detection measurement is illustrated schematically. The sonde is made up of several 
component sections which may be physically rearranged to perform steps in the detection of 
the water flow behind the casing according to the principles previously discussed. The upper 

60 end of the sonde is provided with a head member 91 approximately 10 inches in longitudinal 60 
extent. A control and detector electronics section 92 is attached to the head section and is 
approximately 75 inches in longitudinal extent. The detector section 93 houses two gamma 
ray detectors which may comprise thalium activated sodium iodide crystal detectors 
(approximately 2 inches by 4 inch cylinders in appearance) and an iron shielding member 

65 which is interposed on the end opposite the neutron generator. Below the detector section 65 
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in Figure 6A is the neutron generator and power supply section housing the neutron 
generator 94 and the 125 KV high voltage power supply 95. The spacings preferred between 
the neutron source and the detectors in the assembled instrument are, respectively, 23 
inches and 42 inches as shown in Figure 6. The neutron source and power supply section is 

5 approximately 94 inches in length. Finally, at the lower end of the sonde is a protective bull 5 
plug assembly 96 which serves to protect the lower extremity of the sonde should it come 
into contact with the bottom of the borehole or some obstruction therein. 

The problem which arises is due to the longitudinal extent (94 inches) of the high voltage 
power supply. It will be realized by those skilled in the art that in order to detect water flow 

10 in an upward direction that the flow must first pass the neutron source and then 10 
subsequently pass the detectors in its movement. This implies the configuration illustrated 
in Figure 6B where the detector section 93 of the well logging instrument is placed above 
the high voltage power supply and neutron generator section 94 and 95. However, in order 
to detect water flow in a downward direction, the configuration illustrated in Figure 6C is 

15 required wherein the downward water flow must first pass the neutron source and then pass 15 
the gamma ray detectors in order to make the flow measurement as previously described. In 
this configuration, the neutron source-power supply section 94, 95 must be placed above the 
detector section 93 on the downhole instrument. 

Since the gamma ray detectors must be located within a reasonable distance of the 
20 neutron generator target, the tritium impregnated target of neutron source 94 must be 20 

located as close as possible to the shield portion of the detector section 93 of the instrument. 
This requires the design of a neutron source 94 power supply 95 section which is reversible 
(i.e. connectable to operate from either end) when going from the configuration shown in 
Figure 6B to that shown in Figure 6C in order to detect water flow in an upward or a 

25 downward direction, respectively. Similarly, all of the component portions of the downhole 25 
instrument of Figure 6 are constructed in a modular fashion. These modules may be joined 
by screw type fluid tight assemblies and sealed against the incursion of borehole fluid by 
sealing means at each of these junctions. 

The downhole sonde illustrated schematically in Figure 6 is also provided with centralizer 
30 member 97 which may comprise cylindrical rubber arms or the like which extend outwardly 30 

into touching engagement with the inside walls of the well casing when the sonde is lowered 
into borehole for measuring purposes. These centralizer arms 97 maintain the body of the 
sonde in a central position within the casing in order to assist in preserving cylindrical 
symmetry of the measurements. If the sonde were able to lie against one side of the well 

35 casing, it could fail to detect water flow on the opposite side of the casing member because 35 
of a lack of sensitivity due to the increase distance from the neutron source and detectors to 
the flowing water. 

The electronics section 92 of the downhole sonde functions, as will be described in more 
detail subsequently, to control the operation of the neutron source 94 and to furnish high 

40 voltage power for the operation of the detectors which are contained in the detector section 40 
93 of the sonde. The electronics section 92 also serves to provide synchronization (of sync) 
pulses at the beginning of each neutron burst. The electronics section 92 also contains 
circuits means to transmit electrical pulse signals from the detectors and sync pulse signals 
up to the well logging cable to the surface. 

45 Referring now to Figure 7, a well logging system in accordance with the concepts of the 45 
present invention is shown in a borehole environment with the surface equipment portion 
thereof and is illustrated schematically. A downhole sonde 104 which in practice is 
constructed in the modular manner illustrated with respect to Figures 6A, 6B. and 6C, is 
suspended in a well borehole 100 bv an armored well logging cable 111 and is centralized by 

50 centralizers 105 as previously described with respect to the interior of the well casing 102. 5u 
The cased borehole is filled with a well fluid 101. The downhole sonde of Figure 10 is 
provided with dual gamma ray detectors 124 and 125 which are shown mounted in the 
configuration shown in Figure 6C for detecting water flow in a downward direction behind 
the casing 102. The downhole sonde is also provided with a 125 KV power supply and 

55 neutron generator 126 of the type previously described. The electronics section 127 of the 55 
downhole instrument 104 corresponds to electronics section 92 of Figures 6A, 6B, and 6C. 

Earth formations 123, 107, 108, and 109 penetrated by the borehole 100. A cement 
channel 110 on one side of the cement sheath 103 of the cased wellbore is illustrated 
allowing undesired fluid flow in a downward direction from a water sand 107 which 

60 contaminates a producing sand 109 separated from the water sand 107 by a shale layer 108. 60 
With the well logging instrument 104 placed in the position shown and with the detector 
source configuration'illustrated in Figure 7, the instrument 104 is capable of detecting 
undesired water flow from the water sand 107 through the cement channel 110 into the 
producing sand 109. Perforations 106 in the casing 102 allow fluid from the producing sand 

65 to enter the well borehole 100 as well as allowing the undesired water flow down the cement 65 
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10 

channel 110 to enter the borehole 100. In the configuration shown in Figure 7, high energy 
neutrons from the neutron source 126 penetrate the steel casing 102 and activate the 
elemental oxygen in the water flow from water sand 107 through cement channel 110. The 
water flowing in channel 110 then continues past detectors 124 and 125 sometime later and 

5 gamma rays resulting from the decay of the radioactive nitrogen 16 are detected in the 
manner previously described by the detectors 124 and 125. Electrical pulses whose height is 
proportional to the energy of the impending gamma rays detected by the detectors 124 and 
125 are transmitted to the electronic section 127 of the downhole instrument and from there 
coupled to the well logging cable 111 conductors and transmitted to the surface in a form 

10 which will be described in more detail subsequently. 
Referring now to Figure 8, a timing chart for the instrumentation of Figure 7 is shown 

together with the pulse wave forms appearing on the logging cable 111. The electrical pulse 
signals representative of the energy of the gamma rays at the detectors 124 and 125 are 
illustrated in the top portion of the drawing of Figure 8 while the lower portion of the 1 , 

15 drawing of Figure 8 is a schematic representation of the timing involved in the operation of 
the system of Figure 7. It will be observed as previously described, that a one millisecond 
duration neutron burst is initiated at time T = O and extends through time T = O plus one 
millisecond. Simultaneously with the initiation of the neutron burst in the downhole 
instrument, a large amplitude negative polarity synchronization (or sync) pulse is generated ? n 

20 by the electronic section 127 of the downhole instrument and coupled to the conductors of 
well logging cable 111. The amplitude of the sync pulse is made greater than any possible 
data pulse amplitude from the detectors. Electrical pulse signals representative of randomly 
occurring gamma rays impinging upon detectors D1 and D2 in the downhole instrument 104 
are coupled continuously to conductors of the well logging cable 111 for transmittal to the 

25 surface by the electronic section 127 also. The pulses from detector D1 are applied to the 
cable conductor as negative polarity voltage pulses while pulses representative of the 
gamma rays detected by detector D2 are applied to the cable conductor as positive polarity 
voltage pulses. At the surface a pulse separator 115 is used to discriminate the detector D1 
pulses from the detector D2 pulses on the basis of their electrical polarity. The negative ^ 

30 polarity pulses are supplied as input to a synchronization pulse detector 118 and as one 
input to a time gate 116. The positive going pulses from detector D2 are supplied as one 
input to a time gate 117. 

The synchronization pulse detector 118 detects the large amplitude negative sync pulses 
on the basis of amplitude and supplied conditioning pulses of the time gates 116 and 117 , , 

35 beginning at a time 4 milliseconds after the initiation of the neutron burst. Thus, there is a 3 
millisecond time interval between the end of the neutron burst and the conditioning of time 
gates 116 and 117 by the synchronization detector and timing pulse generator circuit 118. 

The output of both detectors D2 and D2 are continuously supplied to the well logging 
cable 111 but are thus prevented from reaching subsequent circuitry by the action of time ^ 

40 gates 116 and 117 which allow the randomly occurring data pulses to reach the processing 
circuity only during the 5.85 millisecond duraction interval beginning at 4 milliseconds after 
T = O and extending until 9.85 milliseconds after T = O as illustrated in the timing chart of 
Figure 8. 

When time gates 116 and 117 are enabled by the conditioning pulse from sync pulse , , 
45 detector 118, the data pulses from the downhole detector pair 124 and 125 are coupled as 

inputs to pulse height analyzers 119 and 120 respectively. These pulse height analyzers 
perform the spectral energy separation of gamma rays detected by the downhole instrument 
104 at each of the detectors 124 and 125 according to the energy windows previously 
described. Thus the spectral degradation technique previously described may be used to 

50 derive the distance R from the center of the detector to the center of the flowing water in 
the cement channel 110 by the method previously described with respect to the calibration 
chart of Figure 5. For this purpose, the energy discriminated pulse height information from 
pulse height analyzers 119 and 120 is supplied to a small computer 121 which may comprise 
a general purpose digital computer of the type PDP-11 which is manufactured by the Digital „ 

55 Equipment Corporation of Cambridge, Mass. The computer 121 may then, when supplied 
with the energy discriminated information, apply the count ratio technique described 
previously with respect to the relationship of Figure 6 in order to determine R the distance 
to the center of the water flow from either or both of the detectors. 

It will be appreciated by those skilled in the art that given the previously discussed 
60 relationships for determining R that such a general purpose digital computer may be 

programmed, for example in a commonly used programming compiler language such as 
FORTRAN or the like, to perform the calculations necessary to derive the linear flow 
velocity v. the flow angle 0, the volume flow rate V and R. Output signals representative of 
this desired information are conducted from the computer 121 to a recorder 122. The , , 

65 recorder 122, as indicated by the broken line 113. may be electrically or mechanically 

5 0 

60 
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coupled to a sheave wheel 112 in order to display the quantities of interest as a function of 
the depth of the well logging instrument in the borehole. Similarly, the count information 
processed by the multi-channel pulse height analyzer 119 and 120 may be conducted to the 
data recorder 122 and plotted or displaced as a function of the borehole depth of the logging 

5 instrument 104. 5 
The foregoing description may make other laternative arrangements apparent to those 

skilled in the art. It is, therefore, the aim of the appended claims, to cover all such changes 
and modifications as fall within the true spirit and scope of the invention. 

WHAT WE CLAIM IS: 
10 1. A method for measuring the linear flow rate, volume flow rate and angle of flow of 10 

undesired water flow at an angle 0 to the borehole axis behind the well casing in a cased well 
bore, comprising the steps of: 

(a) locating a well tool in said well bore at a depth to be investigated, said tool having a 
source of high energy neutrons at least some of which have sufficient energy to cause the 

15 nuclear reation O"1 (n,p)NK>. and having at least two gamma ray detectors longitudinally 15 
spaced from said source and each other; 

(b) irradiating the borehole environs with high energy neutrons from said source; 
(c) detecting at said detectors gamma rays resulting from the decay of the unstable 

isotope N16 which will be present in any undesired behind casing water flow, and generating 
20 count signals representative of the number of counts of said detected gamma rays; 20 

(d) separating said count signals from each of said detectors into at least first and 
second separate count signals representative of the counts of said detected gamma rays in 
respective first and second energy windows and generating a ratio signal representative of 
the ratio of said first and second separate court signals at each of said detectors; 

25 (e) combining said count signals from said detectors according to a first predetermined 25 
relationship to derive an indication of the linear flow rate of undesired behind casing water 
flow in a predetermined direction: 

(f) generating from said ratio signals according to a second predetermined relationship 
an indication of the radial distances R, and R2 from said spaced detectors to the undesired 

30 behind casing water flow; 30 
(g) combining said indication of linear flow rate and at least one of said indications of 

radial distance according to a third predetermined relationship to derive an indication of the 
volume flow rate of the undesired behind casing flow; and 

(h) deriving from said indications of radial distances Ri and R2 at each of said detectors, 
35 an indication of 0, said angle of flow with respect to the borehole axis. 35 

2. The method of claim 1, wherein the separating step is performed by separating said 
count signals from at least one of said detectors into two energy dependent signals 
representative of the count of gamma rays occurring in two relatively wide energy regions of 
the gamma ray energy spectrum, one of said energy regions being at relatively high gamma 

40 ray energies and the other at relatively lower gamma ray energies. 40 
3. The method of claim 1 or claim 2 including the steps of: 
removing the well tool from the borehole after the measurements are made at said 

location; 
reversing the relative longitudinal positions of said source and said detectors; 

45 and repeating the method as claimed in claim 1 at said location. 45 
4. The method of any of claims 1 to 3. wherein the steps are performed while moving 

said well tool at a known rate past a location to be investigated. 
5. The method of any one of claims 1 to 4 wherein the borehole environs are irradiated 

with pulses of high energy neutrons from said source. 
50 6. The method of any one of claims 1 to 5 wherein said source is a source of 50 

substantially 14 MEV neutrons. 
7. A method for measuring the linear flow rate, volume flow rate and angle of flow of 

undesired water flow at an angle 0 to the borehole axis behind the well casing in a cased well 
bore, substantially as described herein with reference to the accompanying drawings. 

55 55 
MICHAEL BURNSIDE & PARTNERS, 

Chartered Patent Agents, 

60 

Hancock House, 
87 Vincent Square, 

London SW1P 2PH. 60 
Agents for the Applicants. 

Printed for Her Majesty's Stationery Office, by Croydon Printing Company Limited. Croydon, Surrey, 1980. 
Published by The Patent Office, 25 Southampton Buildings, London, WC2A lAY.from 

which copies may be obtained. 



1573507 COMPLETE SPECIFICATION 

R CHFFP; This drawing is a reproduction of o a n c t o ( h e 0 r j g l n a j o n a r e d u c e d s c a i e 

Sheet 1 

Df DRW -*• rRHNDOtl DflTfi PULSES. 
0 VOLTS -1 Ml \ ' r / w H r ^ n H ^ W i / 
„ n„rn_J^-swc puise ! ' \5Ytvc 
D2 DAW — 8 a / ) S T j I PVise 

yJJ\mSomV\ D£TECTQfiS qmo ON [ 
1 2 3 4 5 6 7 8 9 to 

Fiq.8 TIME (MLUSeCONOS) 



1573507 COMPLETE SPECIFICATION 
C C L I C C T C This drawing Is a reproduction of o o n c c u t f ) e Q r | ( o n a re<juce( l s c g i e 

Sheet 2 

1 

90 Or 

goo 

700 

600' 

500 

0XY6EN flCTtVflTfGN SPfCTRft 
CONTIWOUS fOUQCE MODE 

COUNT W/A/OOW WI f ^ 

6.13 MeV PHoro 6-
ESCflPE PEAKS 

sZi 

S 400 
K 

s 

1 

N16 
712 (lev 

PHoro& 
Esc^e 

PE0MS 

300 

200 

100 

-

SOt/fiCE - 74 fieV 1VE(/T/?0N5 
cowr/tvc/ovs 

i i i 
5 6 7 

(/lev) 
-*-FLOWRW FLOW 

5=34" 5-34" 
V-]4.85in.J/sec. No FLOW(ff/KK6towD) 
Y-110 in/sec. 
R-3.54-in. 

COUNT T/HE - JO mm. 

F t p 2, 



1573507 COMPLETE SPECIFICATION 

R cupftc drawing Is a reproduction of 
5 n c c i c > the Original on a reduced scale 

Sheet 3 

K 

§ 

s 
S 

! 
K, 
I 
a 

(S~Z x)39Ntf/D m x - .J 

* J \ > ] 

I'i 

i 

§ 1! H 

I 
n s . 

I 

M 

m 
1 
3 
1 

ii II ii s 

§ § I 1 l ^ ^ N ^ 

SJ.M03 



1573507 COMPLETE SPECIFICATION 

6 SHEETS drawing is a reproduction of 
the Original on a reduced scale 

Sheet 4 

8 

I 
6 1 
§ Vj 
Nl 

l 
Si 

ii! 5s. 
I 

• l-*H 

1 •—• 

V6 

* | 

I 
! ^ 
He 

<*5 

<N 

_1 I I I L_ 
^ tfi CSJ Nk 

1' I 
! 
I 

§ 

Myyj-igyy) 

J. moj aJzmuyoA/ 



1573507 COMPLETE SPECIFICATION 

6 SHEETS lowing is a reproduction of 
the Original on a reduced scale 

Sheet 5 

HERD 

92~ 
ELECTRONICS 

0OV/VtfOL£ SONDE FOfi FLOW &£T£CrtON 

hr9} 

ELECTRONICS 

'33 

TffHier 
(SOURCE) 

-95 

BOLL PLUG 

5UB5ECTI0NS 

CENTRRUZEFR 

F " P 
42" 

HQI 
23" 

ur. 
94' 

37, 
X. 

-32 

97 

ELECTRONICS 

DETECTOR 2 
V33 
DETECTOR 1 
SHIELD 

nzeer 
(SOURCE) 

-35 

SOURCE 
POWER 
SUPPL1 

SOVRCB 
POWER 
SUPPL1 

TARGET 
(SOURCE) 

SHIELD 

BOLLPLU6 

DETECTOR 1 

DETECTOR 2 

96 

92 

f 95 

-34 

23» 
-.1 

42" 
. J 

ASSEMBLY FOR 
WRITER FLOW/MG VP 

BULL PLUG 

ASSEMBLY FOR 
WRITER FLOWING OOUN 

F i c f M F / $ . 6 d F / p 6 C 



1573507 COMPLETE SPECIFICATION 

FI CLJCCTC drawing Is a reproduction of o o n c c u t h e 0 r / lnoi Qn a r e < j u c e d t 
ci i e Sheet 6 

f - < 


